The extraordinary (or anomalous) Hall effect (EHE) occurs in ferromagnetic materials and describes a Hall voltage perpendicular to the applied current which reverses sign when the magnetisation is reversed, originating from the spin-orbit interaction[@b1]. It can be decomposed into an intrinsic term, which can be expressed in terms of Berry-phase curvature which is associated with the crystal potential, and an extrinsic term, which relates to skew-scattering from impurities and disorder, dominating for highly-conductive ferromagnets[@b2]. The planar or pseudo Hall effect[@b3], which is proportional to the in-plane magnetisation component, is negligible for a system with a strong perpendicular magnetic anisotropy in saturation. The Hall voltage, which is proportional to the magnetisation, is a useful tool for studying magnetic properties of thin films. The potential of the EHE for sensor, memory and magnetic logic applications has only recently been discussed[@b4]. In general, EHE-based devices can be widely used in the form of magnetic multilayer structures, similar to giant magnetoresistance (GMR), tunnel magnetoresistance (TMR), and spin-valve devices.

Despite the fact that EHE-based Hall sensors outperform semiconductor-based magnetic field sensors[@b5], EHE-based devices have not been used to their full potential and magnetic devices are still dominated by magnetoresistance (MR) elements[@b6]. For instance, disk drives using sensors based on the GMR effect, and the TMR effect in magnetic tunnel junctions (MTJs), are extremely successful[@b7][@b8]. Non-volatile magnetoresistive random-access memory (MRAM) is still a niche application due to practical issues such as scaling, compared to the established solutions. Nevertheless, due to its overwhelming advantages, the perspective of MRAM -- or a similar concept -- is to eventually become the fast, non-volatile, and lowpower *universal* memory solution. Moreover, MRAM-based logic has been proposed[@b9] which is non-volatile and reconfigurable. A general problem of GMR- and TMR-based elements is their relatively low MR ratio, i.e., the ratio between the resistances in the parallel (P) and antiparallel (AP) states of the device, (*R~AP~* -- *R~P~*)/*R~P~*. Typical values[@b10] of a couple of 100% are still very low when compared with the on/off-current ratios of complementary metal oxide semiconductor (CMOS) transistors which exceed 10^5^. Consequently, CMOS transistors are an integral part of MRAM devices both for read-out and addressing of the memory cells.

Here, we demonstrate an EHE-based device concept -- the extraordinary Hall balance (EHB) -- which provides a broad platform for spintronic applications, due to the EHB\'s logic capabilities and extremely large experimental MR ratio of 31,400%. Both memory and logic elements are demonstrated and device applications are discussed.

Results
=======

Device concept
--------------

In ferromagnetic materials, the Hall effect is dominated by two contributions: the normal Hall resistance originating from the Lorentz force on the carriers, which is proportional to the applied magnetic field, and the 'extraordinary' Hall resistance which is linearly proportional to the magnetisation[@b1]. As the magnetisation saturates at higher fields, the EHE term saturates as well and the resistance is dominated by the normal contribution to the Hall effect.

We consider a layer stack with two ferromagnetic layers, separated by a non-ferromagnetic insulator, in which the overall Hall effect in a Hall cross structure (cf. [Fig. 1a](#f1){ref-type="fig"}) is determined by the Hall resistivities of the two layers. As shown in [Fig. 1b](#f1){ref-type="fig"}, the layer stack is contacted from the sides by a common contact, making the layers electrically parallel. Choosing the magnetic properties to be different leads to different hall resistivities. Thus four different magnetic (and resistive) states can be prepared (cf. [Fig. 1f](#f1){ref-type="fig"}): , , and . Illustrations of the different states are shown in [Fig. 1c--e](#f1){ref-type="fig"}: a large positive Hall voltage is measured when both layers are in the configuration, a small positive and negative voltage is measured for and , respectively, while a large negative Hall voltage is measured for . This behaviour resembles that of a balance that can be tipped either way by rearranging the 'weights'. Ideally, if the EHE generated in the two ferromagnetic layers is identical, the magnitude of the two high voltage states is twice the Hall voltage of each layer ( 'on' state), and the voltage *V~low~* is exactly cancelling out ( 'off' state). Thus, in principle, an infinite on/off voltage ratio can be realised. Moreover, all three -- or in case of asymmetric ferromagnetic layers all four -- states can be used for complex logic functions.

Device structure
----------------

A (Co/Pt)~3~ multilayer stack (denoted as \[Co/Pt\]) is selected as the bottom and top ferromagnetic layer due to its perpendicular anisotropy and strong spin-orbit coupling that results in a large EHE[@b11]. In order to make the hysteretic properties of the two layers different, and in order to be able to engineer the behaviour of the device, an antiferromagnetic (AFM) NiO layer is combined with the bottom \[Co/Pt\] layer. Depending on the thickness of the AFM NiO, the hysteresis of the system can be shifted either through the exchange biasing effect, or the coercive field can be enhanced in case of a symmetric hysteresis loop. The multilayer samples were grown by magnetron sputtering and subsequently processed into device structures (see Methods section and [Fig. 1a](#f1){ref-type="fig"}).

In all of the presented measurements, the (transverse) Hall voltage *V~H~* was measured as a result of an applied longitudinal current of *I* = 1 mA at room-temperature, giving a Hall resistance according to *R~H~* = *V~H~*/*I*. The magnetic field of typically up to ± 300 Oe is applied perpendicular to the film plane. The Hall resistance ratio (HRR) is defined analogous to the MR ratio in GMR elements by: where and are the Hall resistances of the parallel and antiparallel state, respectively. For the presented devices with dimensions on the *μ*m scale, output voltages are on the order of mV for input current densities on the order of 10^6^ A/cm^2^. It has to be noted that the effective fields resulting from this current density are too low to switch the magnetisation via the Rashba effect[@b12][@b13]. Using the experimentally determined value of 1 T/10^8^ A cm^−2^ for a Co/Pt system in contact with AlO*~x~*[@b12], a transverse (in-plane) field of \~ 100 Oe can be expected, which is not large enough to affect the perpendicular magentisation.

[Figure 1f](#f1){ref-type="fig"} shows the Hall resistance (*R~H~*) as a function of applied magnetic field for a NiO(20)/\[Co(0.4)/Pt(1.2)\]/MgO(8)/\[Co(0.4)/Pt(1.2)\]/NiO(1) (layer thickness in nm) structure. The contributions of the two ferromagnetic layers, with their different coercivities, are easy to identify: the narrower loop reflects the stronger anisotropy of the top layer, while the wider loop is indicative of the effect of the NiO on the bottom layer. Note that is not exactly vanishing, even with the two ferromagnetic layers having an identical internal multilayer structure. The reason for this behaviour lies in the fact that the interfaces of the two layers are different and that (extrinsic) interface scattering affects the EHE as well[@b2][@b11]. The resulting four *R~H~* states are +650 mΩ ( configuration), +70 mΩ (), −70 mΩ (), and −650 mΩ (). The HRR reaches about 830%, which is higher than the highest reported room-temperature MR in MTJs (604%)[@b10]. Compared to MTJs which can only distinguish between parallel and antiparallel magnetisation configurations, the EHB can resolve four states, enabling logic operations (see section 'Universal logic') and multivalued logic[@b14]. It should be noted that the number of states can be in fact increased further to 2*^N^*, where *N* is the number of ferromagnetic layers.

Magnetic storage
----------------

Memory devices require non-volatility, low switching power, simple read-out capability, as well as thermal and long-term stability. Thus, in order to transform the EHB introduced in [Fig. 1f](#f1){ref-type="fig"} into a non-volatile storage element, one of the layers has to be easily switchable and the low resistance value should vanish. These goals are achieved by exploiting the exchange biasing effect and carefully engineering the multilayer structure (see [supplemental information](#s1){ref-type="supplementary-material"}). [Figure 2a](#f2){ref-type="fig"} shows an EHB storage element in which the binary information is encoded by the magnetisation orientation of the top ferromagnetic layer (↑ or ↓). The switching field required to reverse the magnetisation is 30 Oe. The Hall resistance is 630 mΩ (↑) in the high-resistance state and 2 mΩ (↓) in the low-resistance state, resulting in a HRR of 31,400%. Consequently, the EHB should be able to overcome the major obstacle of MTJ-based device concepts, namely their low on/off ratios.

The current-in-plane configuration employed in the EHB, in conjunction with the layers\' perpendicular anisotropy, allow for the integration into three-dimensional memory arrays. [Figure 2b](#f2){ref-type="fig"} illustrates a three-dimensional, EHB-based MRAM concept. Each MRAM cell contains a single EHB that encodes one bit of information in the magnetisation of the ferromagnetic top layer, while keeping the bottom layer 'pinned'. To read-out the bit, the transverse Hall voltage is measured by applying a current to the 'read line'. Since the ultra-high HRR of the read-out signal is, in principle, not limited by intrinsic properties, the HRR can potentially come close to the on/off ratio of a (poorly performing) transistor. Consequently, the number of CMOS elements can be greatly reduced.

For illustrative purposes, logic input in the EHB cell is achieved using three orthogonal Oersted fields from three separate wires ('*x* line', '*y* line', and '*floor* line'). The layer properties are tuned in such a way that the simultaneous application of all three fields is required to reverse the magnetisation of the top layer. Each EHB cell in space could be addressed in the following way: the location in the plane is selected by the '*x* line' (red) and the '*y* line' (blue), while both currents are drained through a '*site* line' (yellow) selected by addressing a layer-specific '*floor* line' (green). One of the shortcomings of first-generation MRAM technology was the large device footprint due to the infrastructure required to provide Oersted fields. More recently, space- and energy-saving writing concepts make use of the spin-transfer torque (STT) effect[@b15], also in combination with perpendicular anisotropy layers[@b16], current-induced domain wall motion[@b17], direct electrical switching of the layer magnetisation[@b18], optically-induced switching[@b19], and thermal stimuli via the spin Seebeck effect[@b20]. In case of STT switching, the two layers can be independently addressed by introducing a third set layer with a larger magnetic anisotropy. Depending on the current direction, strength and sequence, all four input states can be prepared in the two layers. For the read-out of the memory cell, the measured Hall voltage is compared with reference values and logic states are assigned accordingly. STT-based EHB-MRAM has the potential to achieve high-density and low-complexity circuits with simplified fabrication requirements, and at a lower cost compared to conventional MRAM technology.

Universal logic
---------------

The concept of reprogrammable logic involves a physical system being able to switch between different logic operations[@b9][@b21][@b22][@b23][@b24]. The shortcoming of many proposed and currently realised reconfigurable logic devices is that the logic operation has to be preselected from a collection of basic Boolean operations prior to the actual computational step. The computing efficiency can be significantly improved if no 'preset' step is needed. By utilising the three states of an EHB, a single-element universal logic gate can be realised. The EHB gate does not require a preset step as the output is a ternary code that comprises all basic Boolean functions. The binary result that corresponds to a particular Boolean operation can be acquired by reading out the element in different ways. Consequently, this extrinsic universal logic gate offers faster computational speeds and lower power consumption.

To realise universal logic functionality another type of EHB was optimised and fabricated in which the two symmetric \[Co/Pt\] layers are antiferromagnetically coupled across a 1.1-nm-thick AFM NiO spacer layer[@b22]. The resulting Hall resistance shows only three states and the Hall loops are symmetric about zero field. (cf. [Fig. 3](#f3){ref-type="fig"}). Two magnetic inputs, *A* and *B*, are used as shown in [Fig. 3a](#f3){ref-type="fig"}, which can be realised as positive or negative currents (*I~A~* and *I~B~*) of equal magnitude. The field values are chosen in such a way that only both input fields together are able to reverse the magnetisation of the two ferromagnetic layers. The assignment of the magnetic fields to the logic states is as follows: +180 Oe (−180 Oe) along the perpendicular direction corresponds to logic 1 (0) for both *A* and *B*. Thus, the input state '0,0' corresponds to the () magnetisation state, resulting in a negative maximum *R~H~*; '1,0' and '0,1' correspond to zero net external field bringing the EHB back into its remanent state (*R~H~* ≈ 0), while '1,1' () shows a positive maximum *R~H~*. By defining the maximum (zero) Hall signal as 1 (0), the XNOR gate is realised (the truth table is shown in the inset of [Fig. 3b](#f3){ref-type="fig"}).

To achieve OR and AND gates a biased voltage (*V*~bias~) is applied which offsets the entire Hall loop by the applied value. By defining the positive (negative) output *R~H~* as output 1 (0), as shown in [Fig. 3c & d](#f3){ref-type="fig"}, OR and AND operation can be achieved. Analogously, in [Fig. 3e & f](#f3){ref-type="fig"}, NOR and NAND gates can be built simply by reversing the longitudinal current *I*. Thus, all basic Boolean logic functions have been demonstrated using a single EHB -- without the need to preselect the function prior to the computation. The EHB-based logic gate can significantly improve computing efficiency and reduce the complexity of logic circuits in the future.

Discussion
==========

The Extraordinary Hall Balance presented in this work exploits the extraordinary Hall effect in a unique way to read out information encoded in the quaternary state of a magnetic layer stack. The core of the device is a Hall cross consisting of two ferromagnetic Co/Pt multilayers with perpendicular anisotropy, separated by an insulating MgO or NiO layer, making the fabrication much less challenging than a common MTJ structure. The bottom ferromagnetic layer is further pinned by an antiferromagnetic NiO layer of varying thickness to allow for precise engineering of the magnetic response. By matching/mismatching the Hall resistances of two ferromagnetic layers in parallel, ultrahigh resistance ratios in excess of 31,000% are achieved -- which comes much closer to the on/off ratios of traditional semiconductor-based transistors. There is, however, no fundamental limit as to how high the MR defined in the usual way can be increased as this only depends on the ability to bring the compensated resistance down to zero. It is therefore possible to speculate about a single EHB element replacing the hybrid MTJ/CMOS circuitry needed for MRAM-based logic[@b9]. Using a NiO spacer layer, values as low as 2 mΩ have been reached. Other, fabrication-related issues that become increasingly important for scaled, submicron-sized devices manifest themselves in voltage offsets and thus non-zero resistances. Another source of offsets is local heating. In symmetric Hall-type geometries, greater immunity to offset effects can be achieved by averaging over the symmetric inputs or by grouping four cells together into a single memory element.

In the most general structure the Hall resistance can take four values representing the four combinations of layer magnetisations (see [Fig. 1f](#f1){ref-type="fig"}). By varying the layer thicknesses, these four states can be reduced to three and the magnetisation curve can be further manipulated to show different coercive fields (see [Fig. 2a](#f2){ref-type="fig"}) or, by applying an electric field, to exhibit a non-zero resistance of the two antiparallel magnetisation states. By choosing the range of operating magnetic fields between −50 Oe and +50 Oe, two magnetic states are obtained as can be seen in the minor loop in [Fig. 2a](#f2){ref-type="fig"}. As a simple resistance measurement can distinguish between the magnetisation states of the EHB, a single element can directly realise Boolean operations, which are further reconfigurable 'on the fly', and serve as magnetic memory. This added flexibility leads to increased computing efficiency and, due to the non-volatility, low power consumption. Through device engineering, the same basic EHB structure can be used as non-volatile memory as well as universal logic, and further applications such as full adders, sensors, and multivalued logic devices, thus having the potential to greatly influence the area of spintronics. Again, by increasing the number, *N*, of ferromagnetic layers involved, 2*^N^* logic states can be addressed.

Methods
=======

Preparation of the magnetic multilayer structure
------------------------------------------------

The multilayers were deposited onto thermally oxidised Si wafers at room-temperature by magnetron sputtering. The sputterer was kept at a base pressure of 10^−8^ Torr. During sputtering, the partial pressure of Ar was typically 4 mTorr. The deposition rate of Co, Pt (DC sputtering), MgO and NiO (RF sputtering) was 0.071, 0.068, 0.005, and 0.034 nm/s, respectively. A perpendicular magnetic field of 200 Oe was applied to the substrate during sputtering to align the magnetic layers. The antiferromagnetic NiO layer exhibits a critical thickness *t*~crit~ between 30 and 35 nm, above which the magnetisation curve is shifted due to exchange biasing. Typical values of were ≈ 130 Oe. Below *t*~crit~, no exchange is observed, however, the coercive field is increased as compared to the unbiased system.

Device fabrication
------------------

The cross-shaped EHB structure was patterned into the magnetic multilayer stack. Electric side contacts, which bridge the different metallic layers, were attached for current-in-plane transport measurements. Photolithography, in combination with reactive ion etching, was used to fabricate crossed rectangular parallelepipeds measuring 60 *μ*m and 30 *μ*m in length, and 20 *μ*m and 10 *μ*m in width, respectively. Subsequently, a 100-nm-thick Cu layer was deposited and side contacts were fabricated in a second fabrication step (cf. [Fig. 1e](#f1){ref-type="fig"}). Wires were bonded to the device structure and typical currents of 1 mA were applied. The transport measurements were performed at room-temperature using the four-point probe technique, while the magnetic field was swept between ± 1000 Oe.
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![Basic design of the EHB device.\
(a) At the core of the EHB is a Hall cross with electrical side contacts. The Hall voltage is measured, as usual, across the structure by applying a perpendicular magnetic field and forcing the current along the structure. All experiments are done at room-temperature. For simplicity, the prototype device structure was fabricated on the micrometre scale (*l*~1~ = 60 *μ*m, *w*~1~ = 20 *μ*m, *l*~2~ = 30 *μ*m, and *w*~2~ = 10 *μ*m). (b) The EHB consists of a stack of at least two magnetic layers with perpendicular anisotropy, which are separated by an insulating layer. For our experiments, both FM stacks are made up of \[Co/Pt\] multilayers, wherein the bottom stack is in intimate contact with an antiferromagnetic NiO layer which increases its coercivity. The electrical side contacts bridge across the entire layer stack, as in the conventional current-in-plane geometry. (c) to (e) illustrate the function of the extraordinary Hall *balance*: depending on the magnetisation direction in the FM layer, electrons of a particular spin orientation are preferably scattered to the left- or the right-hand side. If both FM layers are magnetised in the same (upward or downward) direction, the spin-dependent scattering mechanism gives rise to a large (positive or negative) Hall voltage. If the layers are oppositely magnetised, there is a balance between the scattered carriers in the two layers and a low (or zero) Hall resistance is measured. (f) shows the Hall resistance as a function of applied field for identical FM layers. Four distinct states, corresponding to the four magnetisation configurations of the layers, can be observed.](srep02087-f1){#f1}

![EHB memory concept.\
(a) By tuning the physical parameters of the structure, the EHE in the two FM layers was designed to become identical -- consequently cancelling the two contributions to the Hall voltage in antiparallel alignment ('off' state). The HRR for the structure shown in the inset is 31,400%. Using this structure as a single bit, one can envision three-dimensional magnetic memory networks as illustrated in (b). The binary information is encoded in the magnetisation of the top FM layer and can be switched by applying a field of ± 30 Oe \[cf. (a)\]. For read-out of the information stored in the cell, a current is driven along the '*read* line' and the resulting Hall resistance switches between 3 and 621 mΩ. For writing information into the cell, three orthogonal Oersted fields (originating from the *x*, *y*, and *floor* line wires) are simultaneously applied to switch the magnetisation. To simplify the circuitry, the *x* and *y* lines join into a '*site* line' which carries the sum current and runs perpendicularly to the *x* and *y* lines. The choice of *floor* line finally determines the bit to be written.](srep02087-f2){#f2}

![Universal logic gate.\
(a) The two inputs *A* and *B* of the universal logic gate are encoded as perpendicular Oersted fields. The result of the logic operation can be instantly read-out via the sign of the Hall voltage. By introducing two additional control parameters, the signs of the longitudinal current *I* and the transverse bias voltage *V*~bias~, the logic gate can be reconfigured 'on the fly'. The core of the logic gate is a tri-state EHB, in which the relative position and direction of the hysteresis curve is determined by *I* and *V*~bias~. In the unbiased case (+*I*), an XNOR gate is obtained (b). A positive bias (+*I*) gives the OR function (c), while a negative bias yields the AND function (d). Similarly, for a negative current, the NOR (e) and NAND (f) functions are obtained, respectively.](srep02087-f3){#f3}
